Li for each state. Finite-nuclear-mass, lowest-order relativistic, quantum electrodynamic, Bohr-Weisskopf, Breit-Rosenthal, and Sushkov corrections are incorporated.
I. INTRODUCTION
The determination of the hyperfine constants for the lithium atom and members of its isoelectronic series has attracted considerable theoretical and experimental attention ͓1-7͔. The hyperfine structure of the ground state of Li has been the focus of most of the attention ͓1-4,8-12͔.
The nonrelativistic component of the calculation is now well understood. For example, for the ground state of Li, several methods have produced results in close agreement with the experimental derived value for this quantity: see Refs. ͓1,2͔ for a summary of a number of accurate calculations. The Hylleraas approach has been applied to the Li ground state over a number of years ͓8,3,9,10͔ and has produced the best converged nonrelativistic value for the hyperfine constant of the ground state of Li ͓4͔. A complete match with experiment is limited by the necessity to determine a number of small corrections. Two issues arise: the first is that the exact form of the many-electron nature of the corrections is not fully resolved. The common approach is to employ one-electron treatments of the valence electron. The second issue concerns the use of one-electron models, which depend on parameters that are not accurately known. For example, the root-mean-square radius of the nuclear magnetization density distribution is known either with limited precision or, for some isotopes of Li, is unknown.
There has been recent experimental and theoretical interest in the hyperfine structure of the 3 2 S state of lithium for both the stable isotopes 6 Li and 7 Li ͓13,14͔ and the unstable isotopes 8 Li and 9 Li ͓14͔. This work was done as part of a program to ascertain the root-mean-square nuclear radius of these isotopes ͓13,14͔. The isotope 11 Li has been of particular focus because of the halo structure of the nucleus for this system ͓15͔. The measurements of Bushaw et al. ͓13͔ were carried out by two-photon excitation of the 2S-3S transition for the isotopes 6 Li and 7 Li. The experimental approach of Ewald et al. ͓14͔ also involved two photon excitation of the 2S-3S transition and included an investigation of the four isotopes 6 Li, 7 Li, 8 Li, and 9 Li. The results reported by these authors indicated a discrepancy with the earlier measurement of the 3 2 S state of 7 Li carried out by Stevens et al. ͓16͔. Both Bushaw et al. ͓13͔ and Ewald et al. ͓14͔ carried out a comparison with theoretical results based on the Hylleraas approach.
In addition to the Hylleraas approach, other theoretical methods have yielded results for various states of Li. These include the multiconfiguration Hartree-Fock approach ͓11,17͔ and a full-core multiconfiguration-interaction approach ͓18͔.
The purpose of this work is to report the results of precise calculations of the hyperfine constants for the 3 2 S, 4 2 S, 5 2 S, and 6 2 S states of the two stable isotopes of Li, as well as the three aforementioned short-lived isotopes. A number of small corrections to the hyperfine constants are considered: these include the effects of finite nuclear mass, the effects of finite nuclear size: the Bohr-Weisskopf and the Breit-Rosenthal corrections, lowest-order relativistic, quantum electrodynamic ͑QED͒, and Sushkov corrections.
II. COMPUTATIONAL APPROACH
The nonrelativistic portion of the variational calculations was carried out using a trial Hylleraas-type wave function of the form ͑r 1 ,r 2 ,r 3 ͒
where A is the three-electron antisymmetrizer, c denotes the expansion coefficients, is a spin eigenfunction, r i designates the electron-nuclear separation distance for electron i, r ij is the interelectronic separation distance, and N represents the number of terms in the expansion. The nonlinear exponents ␣ , ␤ , and ␥ are each Ͼ0 and the integer indices ͕i , j , k , l , m , n ͖ are each ജ0. Extensive optimization of the nonlinear exponents was carried out for the separate excited states considered in the present investigation. The infinite-nuclear-mass nonrelativististic approximation was employed.
The Fermi contact operator is given by
where 0 is the vacuum permeability, g J is the electronic g factor, g I is the nuclear g factor, B and N are the Bohr and nuclear magnetons, respectively, I is the nuclear spin operator, s i is the electron spin operator for electron i, and ␦͑r i ͒ is the Dirac delta distribution. The effective operator form is given by
͑3͒
where h denotes Planck's constant, J is the total electronic angular momentum operator, and A J is the hyperfine constant ͑in Hz͒. We drop the subscript J on A in the sequel. For the 2 S states of Li, the energy splitting occurs between the I + 1 2
and I − 1 2 levels for J = 1 2 . In terms of the experimental hyperfine frequency ⌬,
The expectation value of the Fermi contact term is most commonly reported in the form
where the operator z i acts on the electron spin states ␣͑i͒ and ␤͑i͒ in the following manner: z i ␣͑i͒ = ␣͑i͒ and z i ␤͑i͒ =−␤͑i͒. The connection between f and the nonrelativistic contribution to the hyperfine constant can be expressed as
where a 0 is the Bohr radius. The collection of constants denoted by C can be rewritten in terms of fundamental constants that collectively are known with greater accuracy, so that
where ␣ is the fine structure constant, c is the speed of light, R ϱ is the Rydberg constant, and m e and m p are the mass of the electron and proton, respectively. Employing the most recent CODATA values ͓19͔ for the various contributions yields the value of C given in Eq. ͑7͒. The nuclear moments needed to evaluate Eq. ͑6͒ were taken from ͓20͔. The corrections for diamagnetic shielding for isotopes 6 and 7 were reevaluated as discussed in ͓1͔. The experimental value of g J for the ground state of 6 Li is 2.002 301 9͑24͒ ͓21͔, and to within experimental uncertainty 7 Li has the same value. Yan ͓22͔ has determined g J theoretically for the ground state of 7 Li and his result agrees with the experimental determination. Yan has also determined g J for the 3 2 S of 7 Li to be 2.002 313 1. We have used this value for the calculations on the 3 2 S state. It is expected that the change in the value of g J for the higher n 2 S states will be very small, and accordingly, we have employed the value g J = 2.002 313 1 for the higher n 2 S states studied.
III. NONRELATIVISTIC RESULTS
The convergence behavior of the nonrelativistic energy ͑E NR ͒ for each of the states studied is shown in Table I . A comparison of the E NR values with previous theoretical work is displayed in Table II. For the 4 2 S, 5 2 S, and 6 2 S states, the results obtained for E NR improve upon previously published work. For the 3 2 S state the most accurate result available for E NR is due to Puchalski et al. ͓33͔ . Their result is 66.38 nhartree below the result of the present calculations and was obtained using a wave function with approximately 5 times more basis functions than were employed in the present study.
The values for the expectation value f calculated using Eq. ͑5͒ are given in Table III 
IV. SMALL CORRECTIONS
There are a number of small corrections to the hyperfine constant that arise from the finite nuclear mass, relativistic effects, QED corrections, and nuclear effects. Detailed many-electron theory for all these corrections is currently not fully developed, and it is rather common to resort to approximate one-electron models or simple nuclear models to estimate some of these corrections. We employ a similar approach in this work. The uncertainties in the application of these approximate models lead to fairly obvious difficulties in assigning meaningful error estimates. There is a good deal of cancellation among these small corrections. 
A. Finite-nuclear-mass corrections
The effects of finite nuclear mass enter the calculations in three ways. There are two ways to determine the nonrelativistic mass corrections to the hyperfine constant. One approach to the calculation of mass effects is to replace in Eq. ͑1͒ by M , which is obtained in a standard variational approach using the Hamiltonian
where Z is the nuclear charge; is the reduced mass, = M / ͑1+ M͒; and M is the nuclear mass of the particular lithium isotope of interest in a.u. The second term in this Hamiltonian takes account of mass polarization effects. The
Fermi contact term in Eq. ͑5͒ is then evaluated with replaced by M . The second and simpler approach to obtain the principal mass correction to the hyperfine constant is to multiply f in Eq. ͑6͒ by a factor of ͑1− / M͒ 3 . This leads to a mass correction to the hyperfine constant of the form
For the calculation of ␦A mass the nuclear masses for the isotopes 6, 8, 9, and 11 were taken from ͓34͔ and isotope 7 was taken from a recent determination ͓35͔.
Subtracting the mass-corrected hyperfine constant based on the factor ͑1− / M͒ 3 from the hyperfine constant calculated based on the wave function M allows the mass polar- ization correction to the hyperfine constant to be obtained. For the 3 2 S state of 7 Li, the mass polarization contribution affects ͓4͔ the first digit beyond what we retain for significant digits in the calculation. The impact for higher n 2 S states will be even less significant. For this reason, the mass polarization correction is not incorporated in the calculations of the total hyperfine constants.
There are, in addition, some relativistic and QED contributions having a mass dependence ͓36-38͔. These are at least an order of magnitude smaller than the least significant digits we retain and are ignored in the calculations.
B. Lowest-order relativistic corrections
Pachucki ͓37͔ has recently considered a general theoretical treatment of the relativistic corrections to the lithium hyperfine splitting through order ␣ 6 . The singular-like structure of the resulting formulas have, however, not yet been evaluated.
In place of the Pachucki analysis, a one-electron model is employed to treat the valence electron ͓39-41͔. Defining the parameters
where j, l, and n are the total angular momentum, orbital angular momentum, and principal quantum numbers, respectively, the relativistic correction to the hyperfine constant is obtained from
͑12͒
The series expansion of the preceding formula for an ns electron ͑l =0, j =1/2, =−1͒ in terms of ␣Z takes the form 
͑13͒
To evaluate the relativistic correction, some authors ͓4͔ have replaced Z by an effective nuclear charge Z ef f , where Z ef f = Z − and denotes a suitable screening factor. Other authors-for example, ͓6,7͔-have not included a screening constant. Unfortunately, it is not clear how this constant should be selected. In the present work, a screening constant has not been employed. The amount of screening in the vicinity of the nucleus is likely to be small. Introducing a small amount of screening into the Breit model leads to fairly small changes to the relativistic correction to the hyperfine constant, which would be about 1 -4 in the fifth significant figure for the hyperfine constant. This may be smaller than the error arising from the application of the Breit model. The definitive answer on this issue awaits further theoretical developments in the many-electron relativistic corrections to the hyperfine constants along the lines of Pachucki ͓37͔. 042512-4
C. QED corrections
The QED correction is commonly split into two parts. One contribution is the Schwinger correction to the electronic g factor, which takes the form ␣ / ͑2͒ ͓42͔. Additional small corrections are incorporated in the electronic g factor. The remaining QED contributions to the hyperfine constant are based on a one-electron model and are given by ͓43,44͔ 
where the empty sum ͚ k=1 0 is assigned the value zero. The state-dependent terms c 20 ͑n͒ are available as numerical values ͓38͔. The results employed for c 20 ͑n͒ for the present calculations are 10.417 048, 9.719 388, 9.312 703, and 9.045 565 for n = 3, 4, 5, and 6, respectively.
D. Bohr-Weisskopf correction
The adjustment of the hyperfine constant for the effect of finite nuclear structure is obtained by multiplying A NR by the factor C NS , given by ͓45͔
where ␦ is a correction arising from the finite nuclear size, often referred to as the Breit-Rosenthal correction ͓46͔, and is treated in the following subsection, and is the BohrWeisskopf ͓47-49͔ correction to the hyperfine constant arising from the distribution of the magnetization density in the nucleus.
The simplest and most commonly employed approach to account for nuclear-size effects is to use a result of Zemach ͓50͔, where the atom is approximated as a one-electron system and the correction to the hyperfine constant obtained as −2a 0 −1 ͗r͘ em where ͗r͘ em is the first statistical moment of the convolution of the nuclear electric and magnetic distributions. The difficulty in this approach is assigning accurate values to the quantity ͗r͘ em . In this and the following subsection, we take a different approach to deal with the nuclearsize contributions to the hyperfine constant.
The correction can be determined in a single-particle model, using
where ␣ S and ␣ L are the fractional spin and orbital contributions to the magnetic moment,
and the spin distribution asymmetry is described by the parameter ͓48͔:
The expectation values ͗K S ͘ and ͗K L ͘ are determined from ͓51͔
and
where the radial part of the probability density of the odd nucleon is assumed homogeneously distributed over the nuclear volume, with
where H͑R͒ is a Heaviside step function. The functions K S ͑R͒ and K L ͑R͒ are determined from integrals of the radial parts of the Dirac wave function for the electron. Shabaev ͓51͔ gives the approximate expressions for S states in the nonrelativistic limit:
and R 0 = ͱ 5/3͗r 2 ͘ M 1/2 , where ͗r 2 ͘ M 1/2 is the root-mean-square radius of the nuclear magnetization density distribution and ⑄ C is the Compton wavelength: ⑄ C = ប / ͑m e c͒. One approximation is to assume that the root-mean-square radius of the nuclear magnetization density distribution is the same as the root-mean-square radius of the nuclear charge distribution, Table  IV . The values for g S were determined from the result
If the odd nucleon is a proton, which is the case for Li, then g L is commonly assigned the value 1. The calculated values of g S are given in Table IV 
E. Breit-Rosenthal corrections
The other part of the correction for finite nuclear size is the Breit-Rosenthal correction ␦, given for low Z for S states by Shabaev ͓51͔ as
where a homogeneously charged sphere is assumed to model the nuclear charge distribution and R 0 is given in terms of the root-mean-square nuclear charge radius as R 0 = ͱ 5/3͗r 2 ͘ 1/2 . For a discussion of nuclear charge density distribution models, see Andrae ͓53͔. There is a spread in the available values for ͗r 2 ͘ 1/2 for the isotopes of Li. The values employed in the present calculations are indicated in Table IV. The Breit-Rosenthal correction to the hyperfine constant is given by
͑28͒
and the value of ␦ is given in Eq. ͑27͒. The values obtained for this correction are small but typically affect the fourth or fifth significant digit for the states considered in this work.
F. Sushkov correction
Sushkov ͓54͔ has considered the effect of the polarization of the paired electrons by the valence s electron via a Breit interaction. He gives the total Breit correction to the hyperfine constant arising from the electron-electron interaction as
Sushkov also derived a Coulomb correction to the hyperfine constant as
This correction arises from the v / c ͑particle velocity to speed of light ratio͒ expansion of the electron-electron Coulomb interaction involving Dirac spinors and retaining only terms of order ͑v / c͒ 2 . Combining Eqs. ͑29͒ and ͑30͒ gives the total Sushkov correction to the hyperfine constant:
The values obtained for this correction are small but do have a minor impact on the final digit reported for some of the calculated hyperfine constants.
V. TOTAL HYPERFINE CONSTANT
The nonrelativistic component of the hyperfine constants, along with the small corrections of the previous six subsections, and the total hyperfine constants, calculated using
͑32͒
are summarized in Table V.
VI. DISCUSSION
As indicated by the results of 
